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Background
The planctomycetes (order Planctomycetales) comprise a distinct group of the domain Bacteria that forms a separate kingdom-level division on the basis of 16S rRNA analyses [1] [2] [3] [4] [5] [6] . Planctomycetes are currently represented by only a few cultured and characterized heterotrophic members isolated from aquatic habitats; however, the presence of planctomycete sequences in 16S rRNA clone libraries constructed from environmental samples reveals that these organisms occupy diverse ecological niches including wastewater and waste-treatment bioreactors [7] [8] [9] , marine sediments and organic aggregates [10] [11] [12] , and oxic and anoxic terrestrial habitats [13] [14] [15] . In many of these environments planctomycetes make up a significant proportion of the microbial population [7, 16] , indicating that they may have a significant role in the cycling of organic or inorganic compounds. The recent discovery that the "missing lithotroph" responsible for the anaerobic oxidation of ammonium (anammox process) is an autotrophic planctomycete [8] , and the existence of other planctomycetes with similar activities [9] , highlights the potential importance of these bacteria for the flux of nutrients in the environment and indicates the potentially wide physiological diversity of the division.
Consistent with their phylogenetic distinctiveness, the planctomycetes possess a series of unusual phenotypic characteristics common to members of the division [5] . These include budding reproduction, peptidoglycan-less (proteinaceous) cell walls and a complex internal ultrastructure [17] . Most notably, cells of at least three species exhibit eukaryote-like membrane-bounded nuclear regions: the genomic DNA of Gemmata obscuriglobus is enclosed by two membranes [17, 18] , whereas that of Pirellula marina and Pi. staleyi is enveloped by a single membrane [19] . Membranes surrounding the nucleoid are unique to the planctomycetes among members of the domain Bacteria. This feature is only one aspect of a unique type of cell organization shared by all planctomycetes examined so far, involving compartmentalization via intracytoplasmic membranes [17] .
Despite the interesting ecological and cell biological aspects of the planctomycetes, molecular studies on this group have been relatively few. To date, DNA sequencing studies on the planctomycetes have involved genes for small subunit (SSU) and large subunit (LSU) rRNA [1, 20, 21] , and a small number of protein-coding genes, including those for the --subunit of ATPase from Pi. marina [22] , the DnaK heat-shock protein (HSP70) from Pirellula and Planctomyces species [23] and the gene rpoN for sigma factor 54 from Planctomyces limnophilus [24] . Phylogenetic analyses using these gene sequences have failed to elucidate the evolutionary relationship of the planctomycetes relative to the other divisions of the Bacteria. Some sequence analyses show that the planctomycetes form a sister-group of the chlamydiae [1, 25] , while others place them as a deeply branching division [1, 22] . In more recent analyses using the gene for the conserved protein, elongation factor-Tu, inconsistency in the branch position of the planctomycetes was attributed to long-branch attraction effects [26] .
In this study we applied a random-sequencing approach to the genomes of two planctomycete species, G. obscuriglobus and Pi. marina, in order assist discovery of genes that may be relevant to their ecology, phylogeny and cell biology. These species are members of phylogenetically distinct genera within the planctomycete division as judged by 16S rRNA sequence analysis [20] . While it is noteworthy that members of both the genus Pirellula (Pirellula sp. strain 1) and the genus Gemmata (Gemmata strain Wa1-1) are currently the subject of whole-genome studies by the REGX project and Integrated Genomics, respectively [27, 28] , to date, no reports have been published concerning analyses of the resulting genome sequence data. Furthermore, sequence data from these whole-genome projects is not currently accessible to the public. Thus the random-sequencing approach used in this study provides the first insight into the genomes of planctomycetes. Such sequence tag approaches have proved an effective method of gene discovery in other prokaryotes [29] [30] [31] [32] .
Results and discussion
Sequence tags from G. obscuriglobus and Pi. marina that represent putative protein-coding genes were identified by comparison of individual clone nucleotide sequence translated in all reading frames against protein-sequence databases using the BLASTX algorithm (Tables 1,2 ). Only sequence matches with expected (e) values below E-4 (as determined by BLASTX) were considered to be significant [33] and are presented here. Of the clones sequenced from G. obscuriglobus, 27% (43/160) showed significant matches with known proteins or hypothetical proteins, whereas 32% (29/91) of Pi. marina sequences had significant database matches. In addition to these matches, nucleotide sequences for several clones were shown by BLASTN analyses against nucleotide-sequence databases to represent SSU and LSU rRNA gene sequences (data not shown). Best matches for protein-coding genes were predominantly with gene homologs from Bacteria, but there were also some best matches with genes from Archaea and most notably from Eukarya (see below). Within the Bacteria, best matches did not cluster within any one division, although matches with members of Gram-positive and cyanobacterial divisions were common in the case of G. obscuriglobus.
Random sequence tags from the two planctomycete species displayed homology with proteins of diverse function, including metabolic enzymes (30 and 38% of total for G. obscuriglobus and Pi. marina respectively), and proteins involved with transport (7 and 10%), regulation (9 and 10%) and the central processes of translation (9% and 7%) and DNA replication (16 and 10%). Selected proteins from these functional groups are described in detail below.
Metabolism and biosynthesis
A large proportion of the metabolism and biosynthesis genes identified in G. obscuriglobus and Pi. marina were homologous to those coding for enzymes involved in amino-acid and vitamin biosynthesis. For G. obscuriglobus, close database matches were found to the enzymes isopropyl malate dehydratase, diaminopimelate epimerase, asparagine synthetase and 2-amino-3-ketobutyrate coenzyme A ligase, which are involved in the biosynthesis of leucine, lysine, asparagine and glycine, respectively. In addition, a homolog of threonine deaminase was identified. This enzyme catalyzes the formation of ,-ketobutyrate from threonine, an intermediary step in isoleucine biosynthesis [34] . In Pi. marina, a gene putatively coding for the NADH/NADPHdependent enzyme glutamate synthase was found. This enzyme, a glutamine oxoglutarate aminotransferase (GOGAT), is important in the incorporation of inorganic nitrogen into cell material by conversion of 2-oxoglutarate and L-glutamine to L -glutamate [35] .
Homologs of genes involved in the biosynthesis of vitamins and cofactors were also identified in Pi. marina. These include glutamate-1-semialdehyde-2,1-aminomutase, which catalyzes the final step in the conversion of glutamate to 4-aminolevulinate (the precursor of tetrapyrrole synthesis), uroporphyrin-III C-methyltransferase and 1-deoxy-xylulose 5-phosphate reductoisomerase (DXP). Uroporphyrin-III C-methyltransferase is involved in the synthesis of both cobalamin (vitamin B12) and siroheme (a cofactor for sulfite and nitrite reductases) [36] , whereas DXP catalyzes the initial reactions in biosynthesis of isoprenoids, which are precursors of some vitamins such as vitamin A [37] .
The large proportion of amino-acid and vitamin biosynthesis genes identified in the two planctomycete species suggests that they may be able to synthesize many of these growth factors de novo. This finding is consistent with the ability of planctomycetes to grow in oligotrophic conditions and habitats [38, 39] . Many planctomycetes, including Pi. marina can be cultured on minimal media with only a modest or no requirement for the addition of vitamins [38] [39] [40] [41] .
Other sequences homologous to metabolic genes of interest that were identified include heptaprenyl diphosphate synthase from G. obscuriglobus and glucosamine fructose-6phosphate aminotransferase (GlmS) from Pi. marina. Heptaprenyl diphosphate synthase has been shown in Bacillus species to catalyze the synthesis of the prenyl side chain of menaquinone-7 [42] . The presence of a menaquinone biosynthesis gene in G. obscuriglobus is consistent with a previous report demonstrating that the planctomycetes possess menaquinones [43] , despite the fact that ubiquinones rather than menaquinones are typically associated with aerobic bacteria.
GlmS reversibly catalyses the formation of D-glucosamine-6phosphate and L-glutamate from D-fructose-6-phosphate, using L-glutamine as the ammonia source [44] . This is the initial step in a pathway that produces N-acetyl-Dglucosamine as the final product, a compound that is a major component of the bacterial cell-wall constituent peptidoglycan. Interestingly, peptidoglycan is not a component of the predominantly protein cell walls of planctomycetes, including those of Pirellula and Gemmata species [20, 45, 46] . Therefore, it is possible that the net reaction catalyzed by GlmS in planctomycetes is the reverse reactionthe conversion of glucosamine-6-phosphate to fructose-6phosphate (an intermediate compound in the glycolysis pathway). Reactions flowing in this direction would be consistent with the ability of planctomycetes to utilize N-acetylglucosamine as a sole source of carbon and nitrogen [39] . Alternatively, it is possible that N-acetylglucosamine is synthesized but utilized in the formation of glycoprotein or polysaccharide rather than in that of peptidoglycan.
Homologs of the genes for the enzymes phosphoribosylamine-glycine ligase (GARS) and orotate phosphoribosyl transferase (OPRT) were also found in Pi. marina. These enzymes are involved in the pathways of pyrimidine and purine biosynthesis, respectively. Furthermore, a sequence homolog of ribonucleotide reductase, an enzyme central to deoxyribonucleotide synthesis, was discovered in G. obscuriglobus. Significantly, two out of three of these gene sequences had their closest BLASTX matches with organisms from domains other than the Bacteria. The closest match to the putative Pi. marina OPRT gene was with Methanococcus jannaschii, a member of the Archaea, whereas the putative gene for ribonucleotide reductase had its closest match with a eukaryotic organism. The GARS sequence homolog had a top match with a cyanobacterium; however, some of the next best matches were with eukaryotes and other bacteria (data not shown). Certain enzymes involved in the eukaryotic purine and pyrimidine biosynthesis pathways are believed to have been derived from prokaryotes by horizontal gene transfer [47, 48] . If the genes involved in these pathways are subject to frequent horizontal transfers, this may also explain the presence of the eukaryoteand archaea-like genes in the planctomycetes.
Transporters
A number of genes homologous to those involved in transport across membranes were sequenced from both G. obscuriglobus and Pi. marina.
A homolog of a gene encoding a large-conductance mechanosensitive channel (MscL) was identified in G. obscuriglobus. In Escherichia coli, MscL forms a channel in the inner membrane that has been shown to gate in response to tension in the lipid bilayer. The MscL is believed to protect cells from lysis upon osmotic shock [49] . MscL channels may have a particularly important role in planctomycetes, which frequently inhabit osmotically stressful oligotrophic environments but lack the rigidifying peptidoglycan component in their cell walls.
Several transport protein gene homologs were also identified in Pi. marina. Of particular interest were two genes putatively involved in the synthesis and transport of capsular and O polysaccharide, RfbB [50] and ABCA protein [51] , suggesting that this organism may be able to produce and secrete extracellular polysaccharides or lipopolysaccharides, in a similar manner to Gram-negative organisms. This is consistent with previous studies on planctomycete lipids, which suggested the presence of lipopolysaccharide lipid A in Planctomyces, Pirellula [52] and Isosphaera [53] species on the basis of 3-hydroxy fatty acid detection.
systems', simple regulatory systems operating through protein phosphorylation cascades that allow adaptation to environmental changes.
In Pi. marina, there is evidence for the presence of a chemotaxis signal transduction system. Homologs of two proteins involved in bacterial chemotaxis in Bacillus subtilis, CheB and CheC, were identified. CheB has been shown to display methylesterase activity and is involved in modification of the cytoplasmic domains of the chemoreceptor methyl-accepting chemotaxis proteins [55] , while CheC is involved in determining the direction of flagellar rotation [56] .
DNA replication
A number of sequence tags with matches to enzymes involved in DNA replication were identified, including several genes putatively encoding helicases. A gene for a replicative DNA helicase (DnaB), which acts at the replication fork by disrupting the hydrogen bonds between the complementary base pairs [57] , was identified in G. obscuriglobus. Pi. marina also contains a putative DNA helicase that had its closest match with the Hus2 helicase of the eukaryote Schizosaccharomyces. The Hus2 helicase is highly homologous to the RecQ family of helicases of bacteria and other eukaryotes [58] . Bacterial RecQ helicases were also among the top BLASTX hits for this sequence tag (data not shown); thus, the eukaryote match for this sequence may not be highly significant.
Two additional helicases were putatively identified from G. obscuriglobus. These included an RNA helicase (HelY) and the TraI protein. TraI has been shown to possess both site-specific nicking and DNA unwinding activity, and is specifically involved in the conjugal DNA transfer of plasmid DNA [59] . The presence of plasmids in G. obscuriglobus has not yet been investigated; however, another member of the planctomycetes, Pl. limnophilus, has been shown by pulsefield gel electrophoresis to contain an extrachromosomal element [60] . The transfer of plasmid DNA may thus be a useful function in planctomycetes as in other bacteria, consistent with the demonstrated ability of a planctomycete, Pl. maris, to acquire conjugative plasmids [61] .
A second class of enzyme involved in DNA replication and repair was identified in Pi. marina. DNA polymerase I is responsible for processing Okazaki fragments on the lagging strand during replication [62] . In bacteria, this enzyme also possesses 5?-3? exonuclease activity and in some organisms, including E. coli, 3?-5? exonuclease activity [63] . The 3?-5? exonuclease activity is encoded by the central portion of the polA gene and organisms deficient in this activity lack three essential protein motifs in this region [64] . The DNA polymerase I sequence tag from Pi. marina encompasses two out of three of these motifs (NLKYD and YAAE), both of which are conserved relative to the E. coli polA gene. This suggests that the Pi. marina DNA polymerase I may also possess the 3?-5? exonuclease activity, an hypothesis testable by enzyme assay.
Translation
Several sequence tags putatively coding for proteins central to translation were identified. These included two classes of proteins: ribosomal proteins and aminoacyl-tRNA synthetases. In G. obscuriglobus, two homologs of ribosomal protein genes were found, one for ribosomal protein L23 and one for L4. In the assembled ribosome, L23 is located within the A site of the 50S subunit [65] and is one of the few ribosomal proteins that directly binds LSU rRNA. In bacteria, the L4 protein is implicated in both ribosomal peptidyltransferase activity and in some cases, autoregulation of the S10 ribosomal protein operon [66] .
Three sequence tags putatively coding for aminoacyl-tRNA synthetases, enzymes catalyzing the esterification of amino acids to their respective tRNA molecules, were identified in G. obscuriglobus and Pi. marina. Two of these belong to the class I tRNA synthetases (arginyl-and leucyl-tRNA synthetase), which are typically monomeric, and one belongs to class II tRNA synthetases (alanyl-tRNA synthetase), which are di-or tetrameric.
Both the ribosomal proteins and the aminoacyl-tRNA synthetases are central to the translational process; thus, they have been employed as phylogenetic markers in a number of studies. In particular, ribosomal proteins (when used in concatenated analyses in conjunction with rRNAs) and leucyl-tRNA synthetases appear to uphold the ribosomal RNA-based phylogeny of the three domains as well as a large proportion of the inter-bacterial relationships [67, 68] . From this perspective, the ribosomal protein sequences from G. obscuriglobus and the leucyl-tRNA synthetase sequence from Pi. marina may prove useful in re-examining the phylogenetic position of the planctomycetes within the Bacteria. In contrast, both the alanyl-and arginyl-tRNA synthetases do not uphold the rRNA tree, displaying multiple horizontal gene transfers between lineages [68] . Nonetheless, the alanyl-tRNA synthetase of certain bacterial taxa, including the Chlamydia group, is believed to contain an important amino-terminal signature sequence [69] . The alanyl-tRNA synthetase sequence tag generated from Pi. marina does not encompass this region, and the retrieval of the remaining portion of this gene made possible by using the sequence tag as basis for a probe may aid in determining whether the planctomycetes share this signature with the chlamydiae and thus whether the purported relationship between these two groups [1, 25] is supported.
Eukaryote-like genes
Several sequence tags from G. obscuriglobus and Pi. marina displayed closest BLASTX matches with proteins from members the domain Eukarya, including an acyl-CoA fattyacid delta(9) desaturase, a ribonucleotide reductase large chain, and a ribonuclease inhibitor in the case of G. obscuriglobus, and a phosphoribosylamine-glycine ligase and the ATP-dependent DNA helicase HUS2 in the case of Pi. marina. However, only two of these matches were with proteins that are considered atypical in Bacteria. These include a homolog of integrin alpha-V in G. obscuriglobus and a homolog of inter-alpha-trypsin inhibitor protein in Pi. marina.
In higher eukaryotes, integrins are important in transmembrane signal transduction from the extracellular matrix and in organization of the cytoskeleton [70] , and members of the inter-alpha-trypsin inhibitor protein family play a major role in extracellular matrix stability [71] .
Additional evidence for homology between the planctomycete sequence tags and integrin alpha-V and interalpha-trypsin inhibitor was found by conducting iterative database searches with the position-specific iterative program PSI-BLAST. In both cases, PSI-BLAST converged on the integrin and inter-alpha-trypsin inhibitor proteins respectively. Furthermore, multiple sequence alignment of the translated sequence tags with these proteins revealed a number of regions of conservation (Figures 1 and 2 amino-acid code), was found in the G. obscuriglobus homolog as GLSVAIGDVNGDGAGDIVV (Figure 1 ). This integrin alpha-chain motif is part of one of the putative Ca 2+ -binding regions of the alpha subunit of the vitronectin receptor and other integrins [72] .
Genes homologous with integrins (beta4 and alpha6) have also been detected in the genome of the cyanobacterium Synechocystis sp. PCC6803 [73] and are assumed to be the result of horizontal transfer from eukaryotes. Homologs of the interalpha-trypsin inhibitor heavy chain were also detected by us via the ERGO genome sequence database [74] in the genomes of the cyanobacteria Nostoc punctiforme (sequence ID RNPU05803) and Anabaena sp. (sequence ID RAN03682).
Integrin and inter-alpha-trypsin inhibitor homologs thus appear to be present in two separate divisions of the Bacteria, the planctomycetes and the cyanobacteria. This may suggest a lateral gene transfer from eukaryotes to bacteria that occurred before the separation of these two divisions, or retention of such genes only in Eukarya and these two bacterial divisions accompanied by gene loss in others.
Studies of bacterial genome sequences routinely reveal genes homologous to those from other domains, for example, the relatively large proportion of archaeal and eukaryal homologs in the genomes of Thermotoga maritima [75] and Chlamydia species [76] , respectively. Horizontal gene transfer has been a favored explanation for occurrence of such inter-domain homologs [77] , and may also be invoked to explain the occurrence of eukaryal homologs in planctomycetes. This hypothesis could be tested by consideration of gene organization, base composition and codon usage, which may be deduced only with a more extensive dataset derived from a planctomycete genome sequence.
Conclusions
In summary, the random-sequence-tag approach is a valuable and economic means of generating genomic sequence information for members of the distinctive planctomycete division of the Bacteria, and such information is largely consistent with known phenotypic properties of this group. Gene homologs identified were predominantly similar to genes of Bacteria, but some significant best matches to genes from Eukarya suggest lateral gene transfer events between domains may have involved this division at some time during its evolution. The construction of genomic DNA libraries from G. obscuriglobus and Pi. marina and the sequence data presented here provide a basis for further studies on the planctomycetes, a distinctive and widely distributed bacterial division that is potentially of great value in understanding the diversity and evolution of the domain Bacteria by comparative microbial genomics. genomic DNA. G. obscuriglobus DNA was digested with Sau3AI to give fragments of 400 base-pairs (bp) to 3 kilobases (kb), and ligated into the BamHI site of the pBluescript II SK(-) phagemid. The ligated DNA was electroporated into E. coli XL1-Blue. Recombinant E. coli were selected on LB agar supplemented with ampicillin. Plasmid DNA was isolated using a High Pure plasmid isolation kit (Boehringer Mannheim).
Materials and methods
Genomic DNA from Pi. marina was restricted with the enzyme Bcl1 to give DNA fragments in the range of 2-12 kb. The restricted DNA fragments were ligated into the BamHI arms of the lambda Zap Express vector (Stratagene). The vector DNA, containing inserts, was packaged into lambda phage heads using Gigapack III Gold packaging extract (Stratagene). E. coli cells (strain XL1-Blue MRF?) were infected with the packaged lambda phage according to the manufacturer's instructions. Recombinant phage were bluewhite screened and titered on LB agar plates overlayed with LB top agarose containing isopropylthiogalactose and X-gal. The phage library was amplified according to the manufacturer's instructions. Plaques of recombinant phage were picked randomly and stored in 96-well microtiter plates. The vector inserts were amplified by PCR according to the protocol of the Filarial Genome Network [78] .
Cycle sequencing
Plasmids and PCR products were sequenced from the respective G. obscuriglobus and Pi. marina clone libraries using the BigDye dideoxy terminator sequencing mix (Applied Biosystems) and T3 or T7 primers. A total of 160 G. obscuriglobus clones and 91 Pi. marina clones were sequenced. Sequencing products were electrophoresed and visualized using an ABI 377 automated sequencer operated by the Australian Genome Research Facility.
Sequence analysis
The resulting single-pass sequences were edited and analyzed to identify the represented genes using BLASTX or BLASTN algorithms for sequence comparison with databases available within the National Center for Biotechnological Information (NCBI) website [79] . Selected sequence tags were analyzed with the position-specific-iterative search algorithm PSI-BLAST (NCBI) and aligned with homologous sequences using PILEUP within Bionavigator (BioNavigator.com provided by Entigen Corporation) within the Australian National Genomic Information Service (ANGIS). GeneDoc [80] was used to edit final alignments and produce residue shading. Nucleotide accession numbers for nucleotide sequences from the clones are given in Tables 1 and 2. 
